The application of a microporous layer (MPL) between the gas diffusion layer and the catalyst layer (CL) plays a crucial role in the performance of the direct methanol fuel cell (DMFC). To this end, this study investigates the effects of carbon loading and the nature of the carbon material used in the anode MPL on the performance of DMFC using transmission and scanning electron microscopy, polarization technique, and electrochemical impedance spectroscopy (EIS). DMFC was indigenously fabricated using 30 wt% PtRu catalyst supported on carbon nanocoil and commercial Pt catalyst as the anode CL and the cathode CL, respectively. Carbon nanoballoon (CNB) and Vulcan XC-72R (Vulcan) were used as the anode MPL. According to polarization studies, a membrane electrode assembly (MEA) with CNB and Vulcan MPLs (loading of 1.5 mg cm −2 ) shows higher power density. This is 1.3 and 1.8 times higher than that without the anode MPL when methanol concentration was 0.5 M (M = mol dm −3 ), respectively. Electrochemical impedance spectra (EIS) results indicate that the MEAs with the anode MPLs have lower highfrequency resistance and charge transfer resistance when compared to those without the anode MPL. Thus, it can be realized that the anode MPL plays a significant role in the effective utilization of CNC-supported PtRu anode catalyst, thereby improving DMFC performance.
Introduction
Direct methanol fuel cell (DMFC) is a promising energy source for portable and automotive applications, mainly due to their low operating temperature, direct use of liquid fuel, and simple structure without the stringent need for a reformer. [1] [2] [3] Nevertheless, issues such as water management and methanol crossover still limit the widespread commercial application of DMFC. [4] [5] [6] [7] [8] In particular, the permeation of methanol from the anode to the cathode presents a negative effect on the open circuit voltage, fuel efficiency utilization, and its overall performance.
To this end, several studies have been conducted over the past decade for the effective mitigation of both water and methanol crossover in DMFC. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Liu et al. 19 reported the design of a membrane electrode assembly (MEA) that consisted of a thin membrane and a backing layer coated with a highly hydrophobic microporous layer (MPL), in order to reduce the rates of both the water and methanol crossover. The MPL, in particular, plays an important role in the water management of DMFC. It significantly contributes to the reduction of water crossover through the membrane, thereby improving the overall performance of the DMFC. 17, 18, 20 In our previous study, we analyzed the use of carbon nanocoils (CNCs) as a catalyst support in DMFC. 21 Due to their threedimensional structure, CNC is considered to be a unique support material for electrocatalyst materials. By using CNCs in the DMFC cathode, the diffusion of fuel and gas, and the removal of reaction products became considerably smoother. Consequently, the DMFC with CNCs showed higher power density when compared to other carbon nanomaterials, such as Vulcan XC-72R (Vulcan) and arc black (AcB). In addition, we performed electrochemical studies of the PtRu catalysts as an anode catalyst supported on carbon nanomaterials for methanol oxidation using cyclic voltammetry. Results indicate higher catalytic activity of the PtRu catalyst supported on CNC when compared to those on AcB and Vulcan. However, the use of CNCs in the anode of DMFC did not prevent the permeation of methanol across the membrane, and hence resulted in poor DMFC performance. Therefore, to utilize the advantages of CNC as an anode catalyst support, we applied the anode MPL to DMFC for improving the efficiency of utilization of the CNC-supported PtRu catalyst. To the best of our knowledge, there are no studies reported so far on the DMFC performance of a MEA with MPL as the anode using CNCs in the anode catalyst layer (CL). The anode MPL is expected to play a crucial role in preventing the permeation of methanol across CNCs in the anode CL. Therefore, in this study, 30 wt% PtRu (atomic ratio 1:1) supported CNC was used as the anode CL. Carbon nanoballoon (CNB) and Vulcan were used as the anode MPL materials. CNB is a unique material because of its hollow structure and high electrical conductivity, while Vulcan has a high surface area and high electrical conductivity. Furthermore, we investigated the optimization of carbon loading and carbon type in the anode MPL.
Experimental

Synthesis of carbon nanomaterials
CNCs were synthesized using an automatic chemical vapor deposition system with a consecutive substrate transfer mechan- 22, 23 In the typical process, 0.2 mL Fe-Sn catalytic solution was dropped onto a graphite substrate of diameter 100 mm. Subsequently, the substrate was calcined at 350°C for 8 min. The flow rate of the C 2 H 2 source gas was 0.35 L min ¹1 and that of the N 2 dilution gas was 1.4 L min
¹1
. CNCs were synthesized at 780°C. Figure 1(a) shows the transmission electron microscopy (TEM) image of the CNC thus obtained. As seen in the figure, the fiber diameter of the CNCs is ³300 nm, the coil diameter is ³1000 nm, and the coil length is ³10 µm. The purity of the as-grown CNC sample, as evaluated using scanning electron microscopy (SEM), was ³80%. The impurities in the sample were typically carbon nanofibers (CNFs) and carbonaceous materials. The CNC thus obtained in this study was used as the catalyst support in the anode CL.
AcB was synthesized using the twin-torch arc discharge apparatus developed in our laboratory. 24 The discharge chamber consisted of two graphite rod electrodes mounted at 80°C in an 80-kPa N 2 atmosphere, which generated arc discharge with an AC current of 200 A. The N 2 gas flow rate was maintained as 20 L min
. Figure 1 (b) shows the TEM image of the AcB prepared in this study. As seen in the figure, AcB comprises spherical particles of diameter 50 nm, the surface structure of which is dissimilar from dahlia, making it different from that of carbon nanohorns. 25 Subsequently, CNB was obtained by heating AcB in a Tammann oven in Ar gas at 2000°C³ for 2 h. The TEM image of the CNB thus obtained is shown in Fig. 1(c) . CNB has a high electrical conductivity and consists of hollow particles. The number of graphitic layers in CNB is found to increase, resulting in a thicker shell, with increase in the heating temperature. 26 In this study, we used an optimum temperature of 2600°C for preparing the CNB.
Commercially available Vulcan XC-72R (Cabot Corp., Boston, MA, USA) was used as the Vulcan sample.
The electrical resistivites of CNB and Vulcan were obtained as follows: 300 mg of each carbon nanomaterial was taken in a plastic tube of cross-section 1.5 cm 2 and pressed in a pressing machine at 1.0 MPa. The electrical conductivity of CNB and Vulcan was 1.8 S cm ¹1 and 2.1 S cm
, respectively. 25 
Preparation of the catalyst
We prepared PtRu catalysts for the anode of DMFC. The PtRu catalysts were supported on CNC by reduction using sodium borohydride (NaBH 4 ). 27 Hydrogen hexachloroplatinate (IV) hexahydrate (H 2 PtCl 6 ·6H 2 O) and ruthenium trichloride (RuCl 3 ) were used as the Pt and Ru precursors, respectively. The molar ratio of Pt and Ru was set at 1:1, with the optimum precursor loading concentration of 30 wt%, based on the results obtained in our previous study. Meanwhile, 50 wt% Pt/C (Tanaka Kikinzoku International K.K., Tokyo, Japan) was used for the cathode catalyst.
Preparation of the anode MPL
Commercial carbon papers TGP-H-090 (Toray, Tokyo, Japan) of thickness 280 µm and SGL24-BC (Toray, Tokyo, Japan) of thickness 235 µm were used as the anode and cathode gas diffusion layers (GDL), respectively. In the typical process, anode MPL was prepared via dispersing CNB or Vulcan in isopropyl alcohol containing polytetrafluoroethylene (PTFE). The weight ratio of PTFE to the carbon nanomaterials was maintained at 1:1. Subsequently, the mixed ink was dispersed by sonication for 30 min. The MPL solution was directly sprayed onto the anode GDL to fabricate the anode MPL. According to the abovementioned procedure, we prepared anode MPLs with different carbon loading, namely, 0, 1.0, 1.5, and 2.0 mg cm ¹2 for CNB and 1.5 mg cm ¹2 for Vulcan.
Preparation of MEA Nafion
μ 115 membrane (Du Pont, K.K., Tokyo, Japan) was used as an electrolyte membrane. The membranes were cleaned several times with de-ionized water, hydrogen peroxide solution, and sulfuric acid. The following procedure was adopted for the fabrication of anode and cathode CLs: the anode and cathode inks were prepared by mixing 30 wt% PtRu/CNC as the anode catalyst and 50 wt% Pt/C as the cathode catalyst with 5 wt% Nafion solution in 1-propanol and isopropyl alcohols. The weight ratio of ionomer to carbon was 1:1. Subsequently, the inks were uniformly sprayed onto the PTFE substrate. The substrates were then hot-pressed on both sides of the electrolyte membrane at the pressure of 15 MPa at 130°C for 10 min. The amount of Pt in the anode and cathode CLs was maintained at 0.3 mg cm
¹2
. The active area of the MEA was 8.41 cm
. The MEA thus obtained was mounted in the DMFC (Japan Automobile Research Institute, Tsukuba, Japan). To further test the performance of the DMFC, 0.5 M (M = mol dm
¹3
) of methanol was supplied to the anode at a flow rate of 0.1 mL s ¹1 , and dry air was supplied to the cathode at a flow rate of 5 mL s ¹1 . The DMFC was operated at 60°C. The polarization characteristics and electrochemical impedance spectra (EIS) of the DMFC were measured using a fuel cell impedance meter (Kikusui Electronics Corp., Yokohama, Japan, KFM2030). For all the impedance measurements, the measured frequencies were set in the range of 10 kHz to 0.1 Hz. The MEAs with different anode MPLs, as shown in Table 1 , were tested to clarify the effects of CNB loading and the nature of carbon material on the performance of DMFC. The surface morphologies of the carbon nanomaterials and the anode MPLs were examined using TEM (JEM-2100F, JEOL, Tokyo, Japan) and SEM (S-4500 II and SU8000, Hitachi High-Technologies Corp., Tokyo, Japan), respectively.
Results and Discussion
Morphology of the anode MPL
In general, carbon loading in the anode MPL is a significant factor influencing the performance of the DMFC. Therefore, in this study, we investigated carbon loading to optimize the performance of DMFC. The SEM image shown in Fig. 2 reveals the surface morphology of the anode MPLs with different CNB loadings of 0, 1.0, 1.5, 2.0 mg cm ¹2 and Vulcan loading of 1.5 mg cm ¹2 on the anode GDL. As shown in Fig. 2(a) , the morphology of anode GDL without the anode MPL is a microscopically complex fibrous structure, with various pore size distributions ranging from a few microns to tens of microns. Conversely, the SEM images of the was characterized by a large number of surface cracks and pores. The presence of large cracks and voids in the anode MPL led to poor electrical conductivity of GDL, as explained in Section 3.3. Furthermore, the large cracks also increased the contact resistance between the anode MPL and CL. Overall, the performance of DMFC could be attributed to its anode MPL morphology with cracks and pores.
Optimization of carbon loading in the MPL
The graphs shown in Fig. 3 correspond to the cell polarization and power density of DMFCs with different CNB loadings and Vulcan loading of 1.5 mg cm ¹2 in the anode MPL. During the performance testing, 0.5 M methanol was supplied to the anode at a flow rate of 0.1 mL s ¹1 , and dry air was supplied to the cathode at a flow rate of 5 mL s ¹1 . In case of the anode MPL with a CNB loading of 1.5 mg cm ¹2 , the DMFC exhibited higher power density (15.3 mW cm
¹2
) when compared to the MEA without the anode MPL (12.1 mW cm
). This result indicates that the surface morphology of the anode MPL with lesser number of cracks effectively reduces the methanol permeation and water crossover. 20, [28] [29] [30] [31] [32] However, the anode MPL with CNB loading of 2.0 mg cm , and Vulcan loadings of (e) 1.5 mg cm
. exhibited lower power density. This could be attributed to excess carbon loading, which increased the cracks and pores on the surface of the anode MPL. Such conditions could lead to an increase in the mass transport resistance, the contact resistance between the anode MPL and CL, and the poor conduction of electrons.
In the case of DMFCs with anode MPL comprising various Vulcan loadings in the 0.5-2.5 mg cm ¹2 range, the highest power density was observed for the DMFC with a Vulcan loading of 1.5 mg cm ¹2 . The graphs shown in Fig. 3(c) ). These results indicate that the carbon nanomaterials as MPL with high electrical conductivity significantly contributed to the improvement of the DMFC performance. Figure 4 shows the EIS results for the MEAs with various types of the anode MPLs. During the test, 0.5 M methanol was fed to the anode at a rate of 0.1 mL s
EIS measurement
¹1
, and dry air was fed to the cathode at a rate of 5 mL s 
Conclusion
In summary, we have investigated the effect of using anode MPL on the performance of DMFC. According to polarization studies, a MEA with CNB and Vulcan MPLs (loading of 1.5 mg cm ¹2 ) shows higher power density. This is 1.3 and 1.8 times higher than that without the anode MPL when methanol concentration was 0.5 M, respectively. The EIS results indicated that the MEA with the anode MPL promoted the conduction of electrons between the anode MPL and the anode CL, and also lowered the high-frequency resistance and charge transfer resistance. These results imply that an optimum carbon loading in the anode MPL is beneficial to improve the effective utilization of CNC-supported PtRu catalyst, thereby taking complete advantage of CNC in DMFC. 
